INTRODUCTION
============

Although recent advances in mechanical ventilation have reduced mortality^[@b1-kjim-19-4-237-5],\ [@b2-kjim-19-4-237-5])^, the optimal ventilatory strategy for acute respiratory distress syndrome (ARDS) remains elusive. While many modalities have been shown to be effective in improving some aspects of this syndrome, whether these efforts lead to an improved outcome is not known.

One of most promising new ventilatory strategies is partial liquid ventilation (PLV)^[@b3-kjim-19-4-237-5])^. In experimental studies, PLV has been shown to improve gas exchange, lung mechanics and the histology of severely injured lungs^[@b4-kjim-19-4-237-5]--[@b8-kjim-19-4-237-5])^. The most plausible explanation for the beneficial effect of PLV is its "liquid PEEP" (positive end-expiratory pressure) effect, by which it is able to recruit collapsed lung units^[@b9-kjim-19-4-237-5])^. PLV has been shown to be applicable to humans and it may be beneficial in a subset of patients^[@b10-kjim-19-4-237-5]--[@b12-kjim-19-4-237-5])^, but not all patients respond to PLV and up to now no survival benefit has been shown^[@b12-kjim-19-4-237-5])^. Thus, some modification of this technique or its combined treatment with other therapeutic options may be needed to maximize PLV's benefits.

Lying in a prone position can improve oxygenation for patients with ARDS^[@b13-kjim-19-4-237-5])^. This improvement has been attributed to improved ventilation and perfusion matching^[@b14-kjim-19-4-237-5],\ [@b15-kjim-19-4-237-5])^. The prone position also has the potential to optimise alveolar recruitment^[@b16-kjim-19-4-237-5],\ [@b17-kjim-19-4-237-5])^. A recent study showed that combining PLV and prone positioning can have additive effects on gas exchange in a saline-lavage model in swine^[@b18-kjim-19-4-237-5])^, but it is not known whether these findings are applicable to other models. Furthermore, heavy PFC may have deleterious effects on the systemic and pulmonary hemodynamics, especially if the prone position is prolonged because it might compress the heart and large blood vessels.

This study was performed to determine the effects of the prone position on oxygenation and hemodynamics during PLV in a model of acute lung injury in mongrel dogs.

MATERIALS AND METHODS
=====================

Animal preparation
------------------

The protocol of this study was approved by the Animal Use and Care Committee at the Samsung Life Science Research Institute. Six mongrel dogs (Choong-ang Laboratory Animals, Korea) with a mean body weight of 17.4±0.7 kg each were anesthetized with thiopental sodium (35 mg/kg), and they were next intubated with 6.0 mm (internal diameter) cuffed endotracheal tubes. They were then ventilated in the supine position under the volume-controlled mode using a Servo 900C ventilator (Siemens-Elema, Solna, Sweden) at a respiration rate of 20 breaths/min, a positive end expiratory pressure (PEEP) of 5 cm H~2~O, an inspiratory and expiratory time ratio of 1:1, an inspired O~2~ fraction of 1.0 and a tidal volume (V~T~) (120--190 mL) that was adjusted to maintain an arterial partial pressure of CO~2~ (PaCO~2~) between 35 and 45 mmHg. These initial ventilator settings were kept constant until the end of the experiment.

The animals were paralyzed by a bolus injection of 1 mg vecuronium bromide and then with hourly 0.1 mg/kg injections of the same drug, and they were anesthetized by a continuous infusion of sodium pentobarbital at a rate of 6 mg/kg/hour. Physiological saline was infused at a rate of 4 mL/kg/hour as a maintenance fluid. The right femoral artery was catheterized for blood gas sampling and monitoring the arterial pressure, and a Swan-Ganz catheter (5 Fr, Baxter, Irvine, CA, USA) was inserted into the pulmonary artery via the left external jugular vein.

The heart rate, mean arterial pressure (MAP), central venous pressure (CVP), pulmonary artery pressure (PAP), and pulmonary capillary wedge pressure (PCWP) were monitored using a Hewlett-Packard Monitoring System Model 78354C (Hewlett-Packard Gmbh, Boeblingen, Germany). A separate catheter was inserted via the external jugular vein into the right atrium to infuse oleic acid. The core body temperature was monitored with a pulmonary artery catheter, and it was maintained between 36 and 38°C with the use of heat lamps and a heating pad.

Measurements
------------

Arterial and venous blood gas tensions, oxygen saturation and arterial hemoglobin concentration were measured from the blood drawn from the femoral artery and pulmonary artery by using a model 288 Blood Gas Analyzer (CIBA-Corning Diagnostic Corp., Medfield, MA, USA). The oxygen content (C~x~O~2~) was calculated as 1.35×% Sat×Hb+PaO~2~×0.003, where % Sat is the percentage oxygen saturation of the blood and Hb is hemoglobin. The shunt fraction was calculated as (C*~c~*O~2~-C*~a~*O~2~) / (C*~c~*O~2~-C*~v~*O~2~)×100, where subscripts *c*, *a*, and *v* denote the pulmonary capillary, arterial and mixed venous blood, respectively. The exhaled V~T~, the mean peak airway pressure and peak airway pressures were recorded from the ventilator display. The effective tidal volume (V~Teff~) was calculated by subtracting the compressible volume of the ventilator circuit from the V~T~. The airway pressures were monitored using a P23XL pressure transducer (Ohmeda, Inc., Madison, WI, USA), and they were recorded with a TA11 recording system (Gould Instruments, Valley View, OH, USA). The plateau pressure (P~plat~) was measured by occluding the expiratory valve for 3 s while observing the pressure display to confirm a stable pressure. The static compliance of the respiratory system was calculated by dividing the V~Teff~ by (P~plat~ PEEP) and then it was normalized for the individual body weight.

The cardiac output (CO) was measured by a COM-2^TM^ CO monitor (Edwards Life Sciences Cooperation, Irvine, CA, USA), and by using at least three 5 mL injections of cold normal saline at the end-expiration. The cardiac index (CI) was calculated by dividing the measured CO by the body surface area (BSA), where BSA=0.12×(body weight)^2/3^. The systemic vascular resistance index (SVRI) and the pulmonary vascular resistance index (PVRI) were calculated by the following formulas and expressed as dyne×second×cm^−5^/m^2^ of BSA \[SVRI=80×(mean AP/CI), PVRI=80×(mean PAP-PCWP)/CI\].

Experimental protocol
---------------------

The animals were hydrated to maintain a PCWP≥6 mmHg. After the surgical procedure and a stabilization period of 1 hour, the baseline (Base) parameters were collected. Lung injury was induced by an oleic acid infusion to the right atrium for 5 min (0.08 mL/kg, Sigma-Aldrich, St. Louis, MO, USA). Sixty minutes after the oleic acid infusion, bilateral lung lavage was performed using warmed isotonic saline (60 mL/kg body weight, 37°C), and this was repeated until the PaO~2~ after the last lavage was less than 150 mmHg.

After 1 hour period to allow stabilization of the lung injury, (Injury), the animals were instilled with PFC (FC-5080, 3M Ltd., St. Paul, MN, USA) through the side port of a closed suction catheter (Trachcare®, Ballard Medical Products, Draper, Utah, USA) during the inspiration phase. 40 mL/kg of PFC was initially instilled over 15 min; one-third was instilled in the supine position, one-third was instilled in the right lateral decubitus position and the remainder was instilled in the left lateral decubitus position, respectively. Replacement of vaporized PFC was done hourly after the measurements by filling the PFC until meniscus in the endotracheal tube was observed at the level corresponding to two thirds of the chest cage's height. PLV was performed in the supine position for the first hour (S1), in the prone position for 3 hours (P1, P2, P3, respectively), and the animals were turned back to the supine position for the last hour (S2). After the final measurement, the animals were euthanized with a bolus injection of KCl.

Statistics
----------

The results are expressed as means±standard deviations (SD). The data from the serial measurements were analysed using analysis of variance (ANOVA) for repeated measurements on SPSS version 10.0 software (SPSS, Chicago, Il, USA). Simple contrast analysis was used to compare the measurements with Injury, and repeated contrast analysis was used to compare individual data with the previous measurement. A *p* value of less than 0.05 was considered as statistically significant.

RESULTS
=======

Parameters of gas exchange
--------------------------

After lung injury, the PaO~2~ decreased from 484.6±34.0 mmHg at the baseline measurement (Base) to 99.2±32.6 mmHg at Injury. After initiation of PLV, the PaO~2~ significantly increased to 198.1±59.2 mmHg at S1 from Injury (*p*=0.001). After turning the animals to the prone position, the PaO~2~ further increased to 288.3±80.9 mmHg at P1 (*p*=0.008), and this remained stable for the 3 hours the animals stayed in the prone position. When the animals were turned back to the supine position, the PaO~2~ significantly decreased from 302.2±73.0 mmHg at P3 to 129.4±62.5 mmHg at S2 (*p*\<0.001) ([Figure 1](#f1-kjim-19-4-237-5){ref-type="fig"}). There were no significant changes for the PaCO~2~ or pH throughout the duration of the study.

The shunt fraction increased, after the induction of lung injury, from 16.8±2.7% at Base to 51.8±18.8% at Injury. After initiation of PLV, the shunt fraction significantly decreased to 27.6±3.2% (*p*=0.033) at S1. It further decreased to 21.5±3.7% at P1 (*p*=0.041) and this remained stable for the 3 hours the animals stayed in the prone position. The shunt fraction significantly increased again when the animals were turned back to the supine position, to 42.9±13.4% at S2 (*p*=0.003) ([Figure 2](#f2-kjim-19-4-237-5){ref-type="fig"}).

Parameters of respiratory system mechanics
------------------------------------------

The Pplat showed no significant change after the instillation of the lungs with PFC, but after the dogs were placed in the prone position, this significantly decreased to 17.8±5.5 cm H~2~O at P1 compared with 20.7±6.2 cmH~2~O at Injury (*p*=0.012) and 20.3±4.9 cm H~2~O at S1 (*p*=0.002). The Pplat significantly increased when the animals were turned back to the supine position (*p*=0.012) ([Figure 3](#f3-kjim-19-4-237-5){ref-type="fig"}).

The change of Cst paralleled the change of Pplat by showing a significant increase when the animals were turned to the prone position; the Cst was 1.3±0.6 mL/cm H~2~O/kg at P1 compared with 1.1±0.4 mL/cm H~2~O/kg at Injury (*p=*0.026). After turning the animals back to the supine position, the value of Cst significantly decreased (*p=*0.040) ([Figure 4](#f4-kjim-19-4-237-5){ref-type="fig"}).

Systemic and pulmonary hemodynamic parameters
---------------------------------------------

There were no significant differences in CI or SVRI for the duration of the study ([Table 1](#t1-kjim-19-4-237-5){ref-type="table"}). The MAP increased significantly at P2 (*p*=0.026) and P3 (*p*=0.001) compared with Injury, but there were no significant differences according to the position of the animals ([Table 1](#t1-kjim-19-4-237-5){ref-type="table"}). The heart rate also increased significantly after the instillation of PFC, and it remained elevated compared with Injury for the duration of the study.

The mean PAP showed a tendency to increase throughout the duration of this study, and it was significantly increased at P3 (*p*=0.024) and S2 (*p*=0.014) compared with Injury ([Table 1](#t1-kjim-19-4-237-5){ref-type="table"}). The most significant change was noted from P3 to S2, when the PAP increased from 20.2±3.6 mmHg to 23.7±4.8 mmHg (*p*=0.017). The PVRI also showed a tendency to increase after the lung injury, but the difference did not reach a level of significance compared with Injury (*p*\>0.05).

DISCUSSION
==========

The major findings of this study were that prone position enhanced oxygenation during PLV compared with supine position in a combined oleic acid and saline lavage model. This improved oxygenation lasted up to 3 hours, and there were no discernable adverse systemic hemodynamic effects attributable to lying in the prone position for 3 hours during PLV.

This study confirmed the findings of a previous study done on swine that showed the prone position improved the oxygenation during PLV, but that study used a different model of lung injury^[@b18-kjim-19-4-237-5])^. This increase in oxygenation may be due to better lung recruitment in the prone position during PLV. PLV has been shown to reopen collapsed lung units by its "iquid PEEP" effect^[@b9-kjim-19-4-237-5])^, thus increasing the end-expiratory lung volume^[@b19-kjim-19-4-237-5])^. Recruitment of collapsed lung regions is easier in the prone position^[@b16-kjim-19-4-237-5],\ [@b17-kjim-19-4-237-5])^ because there is a more uniform gravitational gradient of pleural pressures than in the supine position^[@b20-kjim-19-4-237-5]--[@b22-kjim-19-4-237-5])^. This decreased vertical gradient of pleural pressure that is noted with the prone position may be more advantageous during PLV than during gas ventilation because the accumulation of heavy PFC in the dependent lung may increase the regional pleural pressures^[@b23-kjim-19-4-237-5])^, which can cause collapse of the lung units, and especially in the dependent lung. By turning the animals to the prone position, greater recruitment of the collapsed lung segments should have been possible. In the present study, the decrease in plateau pressure and the increase in compliance when the animals were turned to the prone position suggest that there was indeed recruitment of collapsed lung units.

The optimal duration of the prone position is uncertain. In a randomised trial of the prone position in ARDS patients, Gattinoni et al.^[@b24-kjim-19-4-237-5])^ found no survival benefit for the prone position compared to the supine position. However, in that study, the mean period of the prone position for their patients was only 7.0±1.8 hours per day. To maximize the benefits of the prone position, longer periods in the prone position may be needed. McAuley et al. have found progressive improvement for gas exchange, pulmonary shunt and extravascular lung water with the time for ARDS patients observed in prone position for up to 18 hours^[@b25-kjim-19-4-237-5])^. Relvas et al. have found consistent improvement for oxygenation in pediatric ARDS patients only if the prone position was maintained for over 12 hours daily^[@b26-kjim-19-4-237-5])^. To likewise maximize the benefit from a combined therapy of PLV and prone positioning, a longer period of prone positioning may be more beneficial, and this study was designed access the benefits and feasibility of prolonged prone positioning during PLV.

One of the primary concerns with using PLV is that heavy PFC could compromise the hemodynamics. A few studies have reported observing hemodynamic compromise during the total liquid ventilation; this could be corrected by insuring adequate hydration, which can prevent the decrease of cardiac output^[@b27-kjim-19-4-237-5])^. However, it has been reported that PLV can be performed forin animals and patients without any significant hemodynamic compromise^[@b8-kjim-19-4-237-5],\ [@b10-kjim-19-4-237-5]--[@b12-kjim-19-4-237-5],\ [@b28-kjim-19-4-237-5]^. Nevertheless, the hemodynamics of PLV in the prone position could be very different from the hemodynamics of PLV in the supine position because it is not known what the effects are for the redistribution of heavy PFC during the shift from the supine to the prone position. Another concern is the fact that in the supine position the heart lies on the PFC-filled lung, whereas in the prone position the heart is compressed between the sternum and the PFC-filled lungs, and this could decrease the cardiac output. That is why we were especially interested in the hemodynamic consequences of a prolonged prone position during PLV. Fortunately, there were no significant changes in the systemic hemodynamic variables during the 3 hours of prone position that were attributable to the change in position.

In this study, the mean PAP and PVRI showed tendencies to increase during the duration of this study, and there were significantly increased mean PAP values at P3 and S2 compared with the Base. Although physical shifts for the heavy PFC within the lung could have affected pulmonary vascular pressures, this is unlikely. Both the PAP and PVRI showed increasing tendencies, and this reached significance before the change in positioning from prone to supine. In addition, at least some of the models of acute lung injury using oleic acid have shown this tendency for an increased PAP and PVRI^[@b29-kjim-19-4-237-5])^. However, the significant increase for the mean PAP when the animals were turned back to a prone position warrants further study before a firm conclusion can be drawn.

Different animal models of acute lung injury have been used to investigate the pathogenesis, physiology and efficacy of new therapeutic strategies for acute lung injury, and none of the models has been shown to be superior^[@b30-kjim-19-4-237-5])^. The model used here incorporated increased permeability and surfactant dysfunction, both of which are an essential part of the pathophysiology of ALI and ARDS^[@b31-kjim-19-4-237-5])^. The PFC used in this study (PF-5080) is able to dissolve 56 mL O~2~/100 mL and 214 mL CO~2~/100 mL, which is similar to the most frequently used PFC, perflubron (49 mL O~2~/100 mL, 210 mL CO~2~/100 mL).

One limitation of this study was that we cannot completely rule out the possibility that the improved oxygenation and decreased shunt observed in this study may have been solely due to the effect of the prone positioning. This is unlikely because in our pilot study we did not observe any dramatic effects for the prone position without the PLV (data not shown). Because of the time constraints of our study, we did not examine only the effect of prone positioning since the primary objective of this study was to examine the effectiveness and feasibility of prolonged prone position during PLV.

In conclusion, using the prone position during PLV in an animal model of ALI appeared to improve the oxygenation without any hemodynamic compromise. Further research will be required to confirm our findings.
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![Sequential changes of PaO~2~ according to positioning during partial liquid ventilation (PLV). Base, baseline; Injury, 1hr after induction of injury; S1, PLV in the supine position; P1, 1hr after PLV in the prone position; P2, 2hrs after PLV in the prone position; P3, 3hrs after PLV in the prone position; S2, PLV in the supine position after the prone position.\**p*\<0.05 compared with Injury, ^†^*p*\<0.05 compared with previous value.](kjim-19-4-237-5f1){#f1-kjim-19-4-237-5}

![Sequential changes of the shunt fraction according to positioning during partial liquid ventilation (PLV). Base, baseline; Injury, 1hr after induction of injury; S1, PLV in the supine position; P1, 1hr after PLV in the prone position; P2, 2hrs after PLV in the prone position; P3, 3hrs after PLV in the prone position; S2, PLV in the supine position after the prone position. \**p*\<0.05 compared with Injury, ^†^*p*\<0.05 compared with previous value.](kjim-19-4-237-5f2){#f2-kjim-19-4-237-5}

![Sequential changes in plateau pressure (Pplat) according to positioning during partial liquid ventilation (PLV). Base, baseline; Injury, 1hr after induction of injury; S1, PLV in the supine position; P1, 1hr after PLV in the prone position; P2, 2hrs after PLV in the prone position; P3, 3hrs after PLV in the prone position; S2, PLV in the supine position after the prone position. \**p*\<0.05 compared with Injury, ^†^*p*\<0.05 compared with previous value.](kjim-19-4-237-5f3){#f3-kjim-19-4-237-5}

![Sequential changes in static compliance (Cst) according to position during partial liquid ventilation (PLV). Base, baseline; Injury, 1hr after induction of injury; S1, PLV in supine position; P1, 1hr after PLV in prone position; P2, 2hrs after PLV in prone position; P3, 3hrs after PLV in prone position; S2, PLV in supine position after prone position. \**p*\<0.05 compared with Injury, ^†^*p*\<0.05 compared with previous value.](kjim-19-4-237-5f4){#f4-kjim-19-4-237-5}

###### 

Sequential changes in hemodynamic parameters.

                    Base            Injury         S1              P1              P2                                                            P3                                                             S2
  ----------------- --------------- -------------- --------------- --------------- ------------------------------------------------------------- -------------------------------------------------------------- ------------------------------------------------------------------------------------------------------------
  CI (L/M^2^/min)   3.4±0.9         3.0±0.7        2.9±0.8         3.0±0.7         3.5±1.2                                                       3.3±0.8                                                        3.4±0.9
  SVRI (dyne-sec)   3460.1±1365.8   2673.2±764.9   2967.2±1316.3   2411.6±1027.4   2990.9±750.9                                                  3290.1±97.3                                                    2808.3±692.7
  MAP (mmHg)        137.5±9.8       99.7±13.7      98.8±12.3       96.5±41.6       122.8±7.8[^\*^](#tfn3-kjim-19-4-237-5){ref-type="table-fn"}   129.5±9.6[^\*^](#tfn3-kjim-19-4-237-5){ref-type="table-fn"}    116.3±12.2
  PAP (mmHg)        14.3±2.1        14.5±3.0       17.2±4.0        16.7±2.0        19.0±4.0                                                      20.2±3.6[^\*^](#tfn3-kjim-19-4-237-5){ref-type="table-fn"}     23.7±4.8^[\*](#tfn3-kjim-19-4-237-5){ref-type="table-fn"},[†](#tfn4-kjim-19-4-237-5){ref-type="table-fn"}^
  PVRI (dyne-sec)   237.1±122.0     327.5±138.8    418.3±161.7     341.4±64.2      362.5±79.7                                                    427.4±119.9[^†^](#tfn4-kjim-19-4-237-5){ref-type="table-fn"}   484.6±149.8

Data are shown as means ±SD.

Base, baseline; Injury, 1hr after induction of injury; S1, PLV in the supine position; P1, 1hr after PLV in the prone position; P2, 2hrs after PLV in the prone position; P3, 3hrs after PLV in the prone position; S2, PLV in the supine position after the prone position; MAP, mean arterial pressure; CI, cardiac index; SVRI, systemic vascular resistance index; PAP, mean pulmonary arterial pressure; PVRI, pulmonary vascular resistance index.

*p* \< 0.05 compared with Injury,

*p* \< 0.05 compared with previous value.
